A small number of African green monkeys (AGMs) were introduced into the Caribbean from West Africa in the 1600s. To determine the impact of this population bottleneck on the AGM virome, we used metagenomics to compare the viral nucleic acids in the plasma of 43 wild AGMs from West Africa (Gambia) to those in 44 AGMs from the Caribbean (St. Kitts and Nevis). Three viruses were detected in the blood of Gambian primates: simian immunodeficiency virus (SIVagm; in 42% of animals), a novel simian pegivirus (SPgVagm; in 7% of animals), and numerous novel simian anelloviruses (in 100% of animals). Only anelloviruses were detected in the Caribbean AGMs with a prevalence and levels of viral genetic diversity similar to those in the Gambian animals. A host population bottleneck therefore resulted in the exclusion of adult-acquired SIV and pegivirus from the Caribbean AGMs. The successful importation of AGM anelloviruses into the Caribbean may be the result of their early transmission to infants, very high prevalence in African AGMs, and frequent coinfections with as many as 11 distinct variants.
L
arge host populations are required for ongoing transmission of viruses with short generation times, while persistent or chronic infections may persist in smaller populations (1, 2) , as observed for human T-cell lymphotropic viruses (HTLVs) in long-isolated populations (3) (4) (5) . Populations derived from a small group (which have undergone a genetic bottleneck) may experience virus elimination if none of the founders carried that virus. Longisolated, small groups of human or animals or those founded by a small number of animals may therefore be highly susceptible to viral infections upon contacts with larger populations carrying a greater viral diversity. Reduced HLA diversity in small isolated populations may also increase the risk of pathogenic outbreaks after contact with larger, frequently virus-exposed, more HLAdiverse populations.
Members of the Chlorocebus genus of Old World monkeys are the most common and widely dispersed monkeys in Africa. One of four closely related Chlorocebus species is the African green monkey (AGM) (Chlorocebus sabaeus), which is largely restricted to West Africa (6) . In the mid-to late 17th century, a small number of AGMs were imported from West Africa to the Caribbean, alongside the slaves used for the production of sugarcane (7) (8) (9) . By 1682, the introduced AGMs had become feral and were declared to be vermin in Barbados (10) . As a result of this population bottleneck, the Caribbean AGM population has been shown to be genetically highly homogenous (11, 12) . The African origin of the Caribbean AGMs has been mapped to West Africa by mitochondrial DNA (9) and specifically to Senegal, Gambia, or Sierra Leone from historical records (10) .
In Africa, these highly social, semiterrestrial primates show a high rate of simian immunodeficiency virus (SIV in AGM [SIVagm] ) infection but without progression to simian AIDS (SAIDS), despite high levels of viremia (13) (14) (15) . Infection in the wild is thought to result largely from sexual activity rather than vertical transmission from infected mothers, since adults show a much higher rate of SIV infection (67%) than infants (7%) (16) . SIVagm strains in West African AGMs are also highly diverse genetically (17, 18) . Related but distinct SIVs are found in the four Chlorocebus species (vervet, grivet, tantalus, and sabaeus) (19) . Evidence for ancient recombination between SIVagm and the SIV in sooty mangabey (SIVsm)/human immunodeficiency virus type 2 (HIV-2) lineage has also been reported (20) . The high prevalence and genetic diversity of SIVagm, the benign course of infection in its natural host, and the presence of related AGMs in other Chlorocebus monkey species point to the long-term presence of SIV in the African green monkey.
Here, we compare the viral sequences, including SIV, identified by deep sequencing of plasma from wild-caught AGMs from two Caribbean islands to those in AGMs from the Gambia in West Africa, close to where the slave ships departed for the Caribbean.
MATERIALS AND METHODS
Sample locations. This study was conducted on African green monkeys (Chlorocebus sabaeus) (n ϭ 87 total) living wild in various regions within Gambia on the African continent and on the islands of St. Kitts and Nevis, a two-island country located in the Leeward Islands, Lesser Antilles, Caribbean.
In Gambia, blood samples were collected from 43 animals from various locations both Downriver and Upriver. On St. Kitts island, 32 animals from diverse locations were sampled. Twelve animals were sampled from various sites on neighboring Nevis. The geographic coordinates of sampling sites, along with a satellite map of locations, are provided in Table S1 and Fig. S1 in the supplemental material. Mapping of sampling locations using the geographic coordinates was conducted with GPS Visualizer (http://www.gpsvisualizer.com).
Sample collection. Plasma samples were collected between 13 January and 8 June 2011 (see Table S1 in the supplemental material). The ages of the animals were determined based on dental eruption patterns, as previously described (15) , and included infants, young juveniles, juveniles, subadults, and adults, with nearly matched ages between the Gambian and Caribbean cohorts. The male-to-female ratios were 1:1.3 for Gambian and 1.9:1 for Caribbean monkeys.
Virus particle purification. In order to reduce the background of nonviral sequences, plasma samples were subjected to virus particle enrichment. One hundred forty-microliter amounts of plasma were clarified by centrifugation at 10,000 ϫ g for 10 min and filtered through 0.45-m filters (Millipore, Billerica, MA, USA). The resulting 110-l viral-particleenriched filtrates were then incubated with 30 l of a mixture containing 0.5 U Turbo DNase I (Ambion, Life Technologies, Grand Island, NY, USA), 0.25 U Baseline-Zero DNase I (Epicentre, Chicago, IL, USA), 0.5 U Benzonase nuclease (Novagen/Merck), and 0.25 U RNase A (Fermentas/ Fisher Scientific) at 37°C for 1.5 h to reduce background nucleic acids from the host cells and bacteria (21) . Nucleic acids protected from nuclease digestion were then extracted using a Maxwell 16 viral total nucleic acid purification kit (Promega, Madison, WI, USA) for robotic extraction according to the manufacturer's recommendations and eluted in 50-l volumes of nuclease-free water.
Metagenomic sequencing. In order to randomly amplify enriched viral nucleic acids for deep sequencing, the following method was used. Viral cDNA synthesis was performed from 5 l of nucleic acid using a SuperScript III kit (Invitrogen, Waltham, MA, USA) and random nanomer primers. Following the reverse transcription (RT) step, the cDNA was denatured at 95°C for 1 min and then cooled to 4°C to enable reannealing of the random primers. The complementary strand was then synthesized using 5 U of Klenow fragment DNA polymerase (New England BioLabs, Ipswich, MA, USA) at 37°C for 1 h. Using this double-stranded DNA, libraries were prepared using the Nextera XT kit according to the manufacturer's protocol, except that the number of PCR cycles was increased to 15 (Illumina, San Diego, CA, USA). The amount of DNA with appropriate extremities for Illumina sequencing was quantified using the KAPA library quantification kit (Kapa Biosystems, Wilmington, MA, USA). The library samples were sequenced using the MiSeq platform (Illumina, San Diego, CA, USA) with 250-bp paired ends and dual molecular tags (barcodes) for each sample.
Deep sequencing and data analysis. Paired-end reads were generated and debarcoded using Illumina software. In-house analysis pipelines were used for adaptor trimming of the generated reads. Reads with lengths of Ͼ100 bp were compared with the GenBank virus RefSeq protein database using BLASTx (22) , and E values of Ͻ10 Ϫ5 were considered significant. Phylogenetic analyses and pairwise identity comparisons. Reference viral amino acid sequences representing the Anelloviridae family, SIV, and simian pegivirus (SPgV) were obtained from GenBank. Sequence alignments were performed using MUSCLE with the default settings, and phylogenies were generated by the neighbor-joining method (p-distance model) and the maximum-likelihood method (Tamura-Nei model) integrated in the MEGA package, version 6.0 (23) . The statistical significance of tree topologies was evaluated by 1,000-bootstrap resampling iterations.
A color-coded matrix of sequence identities was calculated using the Sequence Demarcation Tool for Windows (SDT version 1.2, www.cbio .uct.ac.za/SDT), using pairwise genetic identity calculations to classify the set of amino acid sequences. The same program generated the plots of the pairwise identity score frequency distribution (24) .
Identification of putative recombination breakpoints. The recombination analyses were made on multiple alignment of full-length pegivirus nucleotide sequences using SimPlot software, version 3.2 (25) . Bootscan analysis was used to investigate the recombination breakpoints, based on the Kimura 2-parameter nucleotide substitution model with a window size of 400 bp and a step size of 20 bp.
Acquisition of viral genome sequences. Total nucleic acid was extracted from plasma samples using the QIAamp DNA minikit (Qiagen). To sequence the entire genome of the AGM anelloviruses, rolling circle amplification (RCA) was first performed, using the Phix29 DNA polymerase (TempliPhi; GE Healthcare). Inverse PCR using outward-pointing PCR primers designed from the metagenomic sequences was then used on the RCA products, and the nearly genome-sized amplicons were Sanger sequenced using primer walking (26) .
The PCR mixture (containing 1 M each primer, 200 M deoxynucleoside triphosphates, 1 U LaTaq DNA polymerase [TaKaRa], 10ϫ LaTaq reaction buffer, and 5 l target DNA in a 50-l reaction mixture volume) was amplified as follows: 95°C for 2 min, 35 cycles of 95°C for 30 s, 48°C in the first cycle and a 0.2°C increase per cycle for 30 s, and 72°C for 4 min, followed by 72°C for 10 min. The cycle sequencing reactions were performed using a BigDye Terminator version 1.1 cycle sequencing kit (Applied Biosystems) according to the manufacturer's instructions. The resulting genomes of simian anellovirus were annotated using Geneious R7 (Biomatters) and deposited into GenBank.
Statistical analysis. One-way analysis of variance (ANOVA) was applied to compare results of simian anellovirus sequences pairwise identities in GraphPad Prism version 3.10 (GraphPad Software, Inc., La Jolla, CA, USA) and used for statistical analysis. P values of Ͻ0.05 were regarded as statistically significant.
Nucleotide sequence accession numbers. All simian pegivirus and anellovirus sequences have been deposited in GenBank, with accession numbers KP296804 to KP296860. universal protein database using BLASTx. Reads with higher sequence similarity (lower E scores) to nonviral proteins were removed, and 40,335 viruslike reads were found to pass this filter (see Table S2 in the supplemental material). The best hits (BLASTx E values of Յ10 Ϫ5 ) were selected for further analysis. Because of the higher sequence diversity of this viral genus, E values of Յ10 Ϫ3 were used for anelloviruses. The viral reads were assigned to 3 known virus families: Anelloviridae, Flaviviridae, and Retroviridae. The percentages of reads assigned to these 3 families in the African green monkey samples are shown in Fig. 1 .
Prevalence of SIV infection in Gambian AGMs. SIVagm was detected in 18/43 (42%) AGMs from Gambia, including 4 males (22%) and 14 (78%) females (see Table S1 in the supplemental material). None of the 16 Gambian infants or young juveniles was SIV positive. Eighteen of the 27 (66%) juvenile, young adult, and adult Gambian animals were SIV positive. Of the 44 Caribbean AGMs, including 35 juvenile, young adult, and adult animals, none were found to be viremic for SIV.
The percentages of SIV sequence reads ranged from 0.008% to 0.069% (Fig. 1) . Sequence analysis revealed that the SIV sequences were 99% identical to an SIVagm sequence deposited in GenBank (accession number KJ467393) or to previously published sequences from a different set of Gambian AGMs (15) . Two major Gambian sampling regions were compared. SIVagm viremia was 46% at Downriver and 35% at Upriver (see Fig. S1 in the supplemental material).
Characterization of novel simian pegivirus genome. Pegiviruses are members of the Flaviviridae family of RNA viruses, which in humans are largely transmitted by blood and sexual contact (27) . Simian pegiviruses were detected in 3/43 (7%) AGMs from Gambia but in none of the 44 Caribbean samples. A twotailed test of proportion used to test for a significant difference in pegivirus prevalence between Gambian and Caribbean monkeys yielded a P value of 0.064. Two infected animals were subadults (male and female) and one a juvenile (female). De novo assembly of sequence reads from a Gambian AGM (animal VGA00020) with a high number of reads (1.83%) (Fig. 1 ) recovered a nearly complete pegivirus genome (GenBank accession no. KP296858) (28) . The RNA-dependent RNA polymerase (RdRp) sequence was confirmed by RT-PCR amplification and Sanger sequencing. Partial genome sequences of the helicase gene (nonstructural protein 3 [NS3] gene) were also recovered from two other animals, VGA00004 (GenBank accession no. KP296860) and VGA00100 (GenBank accession no. KP296859).
The genome sequence recovered was 9,146 nucleotides (nt) long with a single expected ORF and partial 5= and 3= untranslated regions (UTRs) that were 450 and 49 nt long, respectively. Genome analysis of the entire coding region revealed 76% nucleotide identity to the genome of SPgV in red-tailed guenon (Cercopithecus ascanius) from Kibale National Park, Uganda (SPgVkrtg) (see Fig. S2 in the supplemental material). Based on its level of genomic nucleotide identity to SPgVkrtg_RT11 (GenBank accession no. KF234529) and recently adopted nomenclature (27, 29) , we identified it as a novel viral species from African green monkeys and designated it simian pegivirus in African green monkey (SPgVagm).
The 1,692-nucleotide NS5B (RdRp) sequence was used for phylogenetic analysis, together with the recently reported genomes of pegiviruses from Old World monkeys, including PgVs from the olive baboon (SPgVkob), red colobus monkey (SpgVkrc), and red-tailed guenon (SPgVkrtg) (Fig. 2) . The SPgVagm showed the closest relationship to red-tailed guenon isolate SPgVkrtg_RT11, detected in Kibale, Uganda (East Africa).
Recombination events in SPgVagm. Two possible recombination events between the SPgVagm_VGA00020 genome and closely related nonhuman primate species were detected (see Materials and Methods). Overall, SPgVagm was closest to SPgVkrtg, from red tailed guenons (Cercopithecus ascanius). One recombination with potential donor SPgVkob_OB23, from olive baboons (Papio anubis), occurred over the NS2 C-terminal and NS3 N-terminal regions (approximate positions, nt 2585 to 3104). The second possible recombination event occurred with SPgVkrc_RC54, from a red colobus monkey (Procolobus tephrosceles), involved the NS4B C-terminal half at approximately positions nt 4623 to 5772. All nucleotide positions are relative to the SPgVkrc_RC54 complete genome (see Fig. S3 in the supplemental material) .
Characterization of African green monkey anellovirus genomes. Numerous sequence reads were detected with translated amino acid similarity to viruses in the family Anelloviridae. Anellovirus reads were detected in all 43 plasma samples from Gambia, with a percentage-of-reads distribution of 0.003% to 2.5%, and in 43/44 (95.5%) plasma samples from the Caribbean, with a percentage-of-reads distribution of 0.004 to 1.5% (Fig. 1) . All age groups were infected, including infants.
In total, 54 partial anellovirus ORF1 sequences were obtained (amino acid positions 410 to 657 of ORF1 of TTV1 human strain TA278; GenBank accession no. AB017610). Thirty-one sequences were from 14 Caribbean animals, and 23 sequences were from 12 Gambian animals. High levels of coinfection were detected, with individual animals carrying highly distinct anellovirus variants. Coinfections were detected in 5 of 14 Caribbean AGMs, with one animal (VWP00522) carrying 11 distinct variants, two animals carrying 4 variants (VWP00457) and 3 variants (VWP00406) each, and two animals (VWP00261 and VWP00397) carrying two variants each. Coinfections were also detected in 6 of 12 Gambian AGMs, with two animals (VGA00120 and VGA00123) carrying 4 variants each, another (VGA00141) carrying 3 variants, and 3 animals (VGA00131, VGA00138, and VGA00154) with two variants each. Phylogenetic relationships and sequence identity plots are shown ( Fig.  3A ; see also Fig. S4 and S5 in the supplemental material).
Twenty-five complete ORF1 sequences from 14 animals (8 from Gambia and 6 from Caribbean) could be assembled and were also analyzed phylogenetically. ORF1 sequences were 715 amino acids long on average (range, 650 to 780 amino acids), with typical arginine-rich regions at their N termini (49 arginine residues in the first 70 amino acids). The four major phylogenetic clusters correspond to identical clusters seen using the partial ORF1 data set (Fig. 3C) .
Finally, five complete circular genomes were obtained from the longest contigs using inverse PCR (see Materials and Methods). The genomes were deposited in GenBank. Three isolates were from Gambian monkeys, VGA00123.3 (GenBank accession no. KP296853; 3,907 bases), VGA00154.2 (GenBank accession no. KP296854; 3,621 bases), and VGA00120.1 (GenBank accession no. KP296856; 3,812 bases), and two from Caribbean monkeys, VWP00522.11 (GenBank accession no. KP296855; 3,774 bases) and VWP00522.2 (GenBank accession no. KP296857; 3,612 bases). The circular genomes are depicted in Fig. 3B . These showed similar genomic organization of their ORF1, -2, -3, and -4 sequences, although ORF4 could not be detected in one genome and the locations of other theoretical ORFs of unknown function differed.
The five anellovirus genomes showed 40 to 58% overall nucleotide identity to each other over the entire genome (44 to 53% in ORF1, 37 to 59% ORF2, and 40 to 47% ORF3) (see Fig. S6 in the supplemental material). The major elements required for transcription, including a TATA box (ATATAA) and Sp1 site (GGGC GGG), were all present, although minor variations were observed relative to the reference anellovirus TA278 genome (GenBank accession no. AB017610) ( Table 1) .
Phylogenetic analyses of partial and complete ORF1 sequences showed that all of the AGM-derived sequences clustered together within the Alphatorquevirus genus. Interspersed with AGM sequences were ORF1 sequences from two Japanese macaques (Macaca fuscata fuscata) (30, 31) . The next closest ORF1 alphatorquevirus sequences were derived from a group of Chinese and Japanese infants (32) . All other alphatorqueviruses, from humans, chimpanzees, and other nonhuman primates (33), fell outside the AGM/Japanese macaque cluster.
Genetic diversity of simian anelloviruses from Gambia and the Caribbean. Pairwise amino acid distances were calculated for partial ORF1 sequences, and the distribution of these distances was plotted (Fig. 4 ; see also Fig. S4 in the supplemental material) (see Materials and Methods). The diversity of Caribbean ORF1 sequences was not reduced compared to that of Gambian ORF1 sequences, and the Caribbean-Gambian pairwise distances showed a similar distribution. These results indicate that reduced anellovirus genetic diversity was not observed in AGMs from the Caribbean relative to that in Gambian animals. Similarly, the phylogenetic analyses of partial or complete ORF1 sequences showed intermingling of the Caribbean and Gambian ORF1 taxa (Fig. 3A  and C) .
Tight clusters of closely related partial ORF1 sequences were also detected. The geographic sites of origin for the animal carriers were determined. One cluster of 5 Gambian animals with closely related ORF1 sequences all came from the same GPS coordinates at Upriver (see Table S1 in the supplemental material). Three pairs of closely related sequences were seen, all from St. Kitts, an island less than 20 miles long. Finally, one cluster of five sequences consisted of 4 ORF1 sequences from both St. Kitts and neighboring Nevis and one sequence from the Gambia. The Gambian sequence and the closest Caribbean sequences showed 92% nucleotide identity over their partial ORF1 sequences (see Table S3 ). A nucleotide distance matrix generated from complete anellovirus ORF1 sequences revealed the presence of multiple new species based on International Committee on Taxonomy of Viruses (ICTV) (34) classification criteria, in which Ͼ56% nucleotide difference defines new genera and Ͼ35% differentiates new species (see Table S4 ).
DISCUSSION
Human viruses resulting in chronic infections, such as HTLVs, may have been dispersed worldwide by early human colonizers in small isolated groups (3, 4, 35) . Other viruses, such as smallpox and measles viruses, seem to have been absent from populations in the new world, resulting in high mortality following exposure (36, 37) . Reductions in virome diversity may be the result of small founder populations lacking these viruses or host populations too small to maintain ongoing transmission. Here, we measured the impact of a population bottleneck on the blood virome of AGMs imported into the Caribbean. Using an unbiased metagenomics approach, members of three virus families were detected. Based on current understanding of human viral homologues, these simian viruses also likely result in chronic viremia in AGMs and are acquired at different developmental stages. SIVagm results in a persistent infection, and it is mostly sexually acquired (15, 16) . We detected SIV RNA in 42% of Gambian AGMs, with a 3/1 female/male ratio, and in none of the 16 infants/juveniles, as observed in prior studies (16, 38) . The absence of SIVagm in the Caribbean population is not due to resistance of these animals to SIV, as these animals remain susceptible 32  34  36  38  40  42  44  46  48  50  52  54  56  58  60  62  64  66  68  70  72  74  76  78  80  82  84  86  88  90  92  94  96  98  100 to SIVagm (39) . The lack of detection of SIV RNA in St. Kitts and Nevis is supported by prior serosurveys of Caribbean AGMs that reported them to be SIVagm seronegative (40, 41) . The absence of SIV in the Caribbean AGM population may therefore result from the importation of a small number of immature, still unexposed AGMs (41) and/or of an even smaller number of fortuitously uninfected adults. GB virus C (GBV-C) was first characterized in 1995 (42) and was later renamed human pegivirus (HPgV) in the Pegivirus genus (27) of the Flaviviridae family. HPgV infects a large proportion (43) of adults, ranging from 1 to 5% of blood donors in developed countries and up to 20% of donors in developing countries (27) . HPgV is thought to be transmitted sexually and by blood-blood contact (44) (45) (46) (47) (48) (49) (50) . Persistent HPgV infections have not been shown to be pathogenic and may reduce mortality in HIV-coinfected subjects (43, 51) . We report here the detection of a pegivirus in AGMs whose closest relatives were recently described in Old World monkeys from Uganda, although from different genera in the Cercopithecidae family (29, 52) . Evidence of recombination with the pegiviruses of other Old World monkeys may reflect an ancient association between these viruses' ancestors within coinfected hosts. As is the case for sexually transmitted SIV, the lack of pegivirus detection in Caribbean AGMs may therefore also be due to importation of only a small number of uninfected infant and young juvenile AGMs into the Caribbean. The low frequency of SPgVagm detection in Gambian AGMs would also increase the likelihood that only pegivirus-negative animals would have been imported into the Caribbean.
Anelloviruses, first characterized in 1997 (53), have been reported in a high proportion of human adults (54, 55) , where they show a very high level of genetic diversity (56) (57) (58) . Anelloviruses are under immunological control, since induced or inborn immunodeficiency is associated with increases in viral loads (59) (60) (61) (62) (63) . The rates of seroreactivity were shown to increase rapidly in infants (64) , and infection is believed to be generally chronic. Anelloviruses have been reported in many tissues and bodily fluids, including respiratory fluids, blood, breast milk, cervical secretions, semen, urine, and feces (65) (66) (67) (68) (69) (70) (71) (72) (73) . Anelloviruses are transmitted at a very young age, most likely from the mother or close contacts, possibly through the oral route (65, (74) (75) (76) (77) (78) (79) . Other anelloviruses have been characterized from diverse mammals, including rodents, pigs, and primates (31, (80) (81) (82) (83) . Coinfections with multiple anellovirus variants simultaneously present in the same individual have been described (55, 73, (84) (85) (86) (87) .
The detection of anelloviruses in 100% of Gambian AGMs likely accounts for their successful passage through the host population bottleneck to the Caribbean AGM. The high level of anellovirus genetic diversity in the Caribbean, similar to that seen in the Gambia, may also result from each of a small number of imported animals carrying distinct anelloviruses. Since 40% (11/ 26) of animals with partial ORF1 data were coinfected, with one Caribbean AGM carrying as many as 11 distinct variants, each imported animal could have imported several variants. As all AGM infants/juveniles from both countries were anellovirus positive by deep sequencing, viremia is established at an early age, as occurs in humans. Anelloviruses may therefore have escaped the sieving effect of the AGM genetic bottleneck that eliminated SIVagm and SPgVagm because each of the imported animals, possibly restricted to more amenable infants and young juveniles, were already infected with multiple anellovirus variants.
Small human populations appear to have successfully carried some of their largely adult-acquired chronic viruses, such as HTLVs and HPgV, to isolated territories (3) (4) (5) 88) . Successful population bottlenecks, consisting of only infants and young juveniles, may therefore be rare occurrences. While the AGMs studied here may mimic events leading to highly susceptible populations with reduced viral and HLA diversity, the elimination of the adult-acquired viruses experienced by Caribbean AGMs may be more akin to that seen during the establishment of specific-pathogen-free monkey colonies by isolating and nursery raising infant baboons for later breeding (89, 90) .
